INTRODUCTION
============

The Golgi apparatus comprises stacks of flattened cisternae that localize to the perinuclear region of mammalian cells. Secretory cargoes and proteins of the plasma membrane and endosome/lysosome compartments are synthesized in the endoplasmic reticulum (ER) and then transported to the Golgi apparatus, where they are then sorted and trafficked to their specific destination ([@B40]; [@B22]). The export of cargoes from the Golgi is mediated by a large number of vesicles, including clathrin or COPI-coated vesicles and carriers of the *trans*-Golgi network (TGN) to the cell surface (CARTS; [@B31]; [@B27]; [@B4]; [@B38]; [@B49]). During mitosis, these membranes fragment into numerous small tubules and vesicles by reactions that involve MEK1, Myt1, Plk, and Cdc2 kinases ([@B1]; [@B24]; [@B10], [@B12]; [@B20]; [@B45]; [@B34]; [@B48]). For a very short period in metaphase, Golgi membranes are distributed uniformly throughout the cell, and Lippincott-Schwartz and colleagues concluded that this distribution of Golgi represented their fusion with the ER ([@B50]; [@B2]). What, however, of the vesicles and tubules seen in mitotic cells by others ([@B25]; [@B18]; [@B19]; [@B36])? Golgi vesicles and tubules may have been en route to fusion with the ER or instead may have been in the process of direct reassembly to generate the Golgi stacks that are observed in the late stages of mitosis. The question we sought to address is whether Golgi membranes return to the ER and reform after mitosis or do the Golgi fragments reassemble by themselves without needing to start over in the ER. This issue has been addressed in a number of previous studies and needs to be resolved unequivocally.

In previous work, we targeted a chimera of sialyltransferase (ST) and FK506-binding protein (FKBP) to the TGN and generated a major histocompatibility complex class II transporter, invariant γ chain (Ii), attached to FKBP-rapamycin--binding protein (FRB), that would be retained within the ER ([@B32]). As FKBP forms a complex with FRB in the presence of rapamycin, the recycling of ST-FKBP to the ER would trap it by binding to Ii-FRB. The ST-FKBP and Ii-FRB constructs were expressed and found to localize to their expected cellular compartments. Addition of rapamycin did not result in the trapping of ST-FKBP to the ER. However, treatment of cells with rapamycin and brefeldin A (BFA), a fungal metabolite that fuses Golgi membranes to the ER, arrested ST-FKBP in the ER of cells expressing Ii-FRB. Moreover, an ERGIC53-FKBP fusion protein that is known to cycle through the ER ([@B46]) was arrested in the ER of cells expressing Ii-FRB upon incubation with rapamycin. The fate of ERGIC53 and our findings with the BFA treatment confirmed the use of our approach with respect to its ability to arrest proteins if and when they cycle through the ER ([@B32], [@B33]). Our approach revealed that Golgi enzymes do not cycle through the ER in general or cycle extremely slowly (*t*~1/2~ = 18 h). Furthermore, during mitosis, we found no evidence for the recycling of ST-FKBP through the ER. Based on these findings, we proposed that Golgi membranes retain their independence from the ER. Subsequently Seemann and colleagues reported that separation of Golgi from the ER during mitosis protects unregulated activation of SREBP and ATF6 ([@B5]; [@B6]).

Recently Lippincott-Schwartz and colleagues presented data that contradict previous conclusions of numerous labs regarding Golgi and ER separation during protein secretion and mitosis ([@B42]). They used rapamycin-mediated trapping of FRB to FKBP but exchanged the trapping domains. They reasoned that endogenous FKBP13 ([@B30]) competed for the binding of ST-FKBP to Ii-FRB in ER by rapamycin. They therefore targeted ST tagged with FRB to the Golgi and Ii-FKBP to the ER. Based on the behavior of these constructs, they concluded that Golgi enzymes recycle through the ER continuously and in mitosis. If correct, this would represent an important finding, as it challenges the foundation of the definition of Golgi complex as a stable compartment that exists independently of the ER.

Because of the discrepancy in their conclusions, it was important to revisit whether FKBP13 is the reason for the discrepancy in the interpretation of the data based on rapamycin-mediated binding of FKBP to FRB-appended Golgi and ER proteins used in the respective studies. We show here that the ST-FRB used by Lippincott-Schwartz and colleagues in fact redistributes to the ER even in the absence of Ii-FKBP. Moreover, ST-FRB does not cycle to the ER on its own but binds the cycling protein FKBP13, which recycles to the ER by a KDEL receptor--mediated process. Our findings, based on trapping of Golgi-specific enzymes and a new assay that monitors posttranslational modification of an ER-retained protein by Golgi-specific enzymes, further support the conclusion that Golgi enzymes do not cycle through the ER.

RESULTS
=======

The following experiments indicate that ST-FRB, used by Lippincott-Schwartz and colleagues as a marker protein of the late Golgi cisternae ([@B42]), is not actually a marker of that compartment. This is because C-terminal KDEL-like sequence present in FKBP13 and likely other FKBPs localized in the ER ([@B29]; [@B43]; [@B8]) traffic to the Golgi, bind ST-FRB in the presence of rapamycin, and are then transported by the KDEL-receptor pathway to the ER.

Knockout of FKBP13 does not trap ST-FKBP in the ER expressing Ii-FRB
--------------------------------------------------------------------

Lippincott-Schwartz and colleagues argued that FKBP13 in the ER binds to Ii-FRB but did not test experimentally whether it effectively displaces ST-FKBP present in the ER in the presence of rapamycin. We performed clustered regularly interspaced short palindromic repeats (CRISPR) knockout of FKBP13 in HeLa cells. The analysis by Western blot shows a complete loss of FKBP13 ([Figure 1A](#F1){ref-type="fig"}). Clonal cell lines were analyzed, and we chose one (HeLa B1) for the subsequent experiments. Next we transfected parental and B1 HeLa cells with ST-FKBP--green fluorescent protein (GFP) and Ii-FRB--hemagglutinin (HA) and found the proteins encoded by these constructs to be expressed in the Golgi and ER, respectively. We then treated these cells with cycloheximide (CHX) and rapamycin (or CHX only as a control) for 4 h and visualized them by microscopy. Our data reveal the segregation of Golgi-specific ST-FKBP-GFP from the ER containing Ii-FRB-HA even in the presence of rapamycin during 4 h ([Figure 1B](#F1){ref-type="fig"}). Of importance, with or without rapamycin, ST-FKBP and Ii-FRB remain segregated in HeLa B1 cells (depleted of FKBP13). Therefore endogenous FKBP13 does not compete with ST-FKBP-GFP for binding to Ii-FRB, and the lack of trapping of the former construct cannot be explained by the presence of FKBP13 in ER lumen. Quantification of our immunofluorescence experiments shows that only in a small portion of the cells does ST-FKBP-GFP relocate completely to the ER upon rapamycin treatment (\<5%), even in cells lacking FKBP13. Conversely, B1 HeLa cells cotransfected with ST-FRB-GFP and Ii-FKBP--monomeric red fluorescent protein (mRFP) show a change in ST-FRB distribution upon rapamycin treatment: in ∼90% of cells, ST-FRB-GFP is found exclusively in the ER ([Figure 1C](#F1){ref-type="fig"} and Supplemental Figure S1).

![FKBP13 knockout does not induce trapping of ST-FBKP-GFP at the ER. (A) Lysates of parental HeLa and B1 HeLa cell lines were analyzed for FKBP13 levels using tubulin as a loading control. The B1 HeLa cell line has no detectable level of FKBP13. (B) Parental or B1 HeLa cells were cotransfected with ST-FKBP-GFP and Ii-FRB-HA and treated with CHX only (control) or CHX and rapamycin. After 4 h, cells were fixed, and an anti HA antibody was used to visualize Ii-FRB. There is no trapping of ST-FKBP-GFP by Ii-FRB-HA in parental or B1 HeLa cells (scale bar, 25 μm). (C) B1 HeLa cells were cotransfected either with ST-FKBP-GFP and Ii-FRB-HA or ST-FRB-GFP and Ii-FKBP-mRFP. After expression, cells were treated with CHX (Control) only or with a combination of CHX and rapamycin (Rapamycin). After 4 h, cells were fixed, and ST-FKBP or ST-FRB location was scored by immunofluorescence as cells showing total redistribution of ST to the ER or total or partial presence on the Golgi complex. Results are the average counting 100 cells in three separate experiments.](141fig1){#F1}

ST-FRB is trapped in the ER by rapamycin even in the absence of Ii-FKBP
-----------------------------------------------------------------------

HeLa cells express FKBP13 in the ER and in principle can bind Ii-FRB, suggesting that FKBP13 could also bind ST-FRB upon rapamycin treatment. In other words, rapamycin treatment should arrest ST-FRB in the ER even in cells lacking the exogenously expressed Ii-FKBP. To test this hypothesis, we cultured HeLa cells expressing ST-FRB-GFP or ST-FKBP-GFP without the corresponding binding partner (Ii-FKBP or Ii-FRB, respectively) with CHX only or with the addition of rapamycin. We fixed and visualized cells by microscopy 4 h later. ST-FKBP-GFP was localized to the Golgi regardless of the absence or presence of rapamycin, as we showed previously. Surprisingly, ST-FRB-GFP was found relocated to the ER in rapamycin-treated cells even in the absence of Ii-FKBP expression ([Figure 2A](#F2){ref-type="fig"}). Quantification confirms that ∼90% of cells have ST-FRB partially or totally relocated to the ER ([Figure 2B](#F2){ref-type="fig"}). These results show that ST-FRB can be trapped in the ER, most likely by the pool of endogenous FKBP expressed in the ER.

![ST-FRB-GFP redistributes to ER even in cells lacking Ii-FKBP. (A) HeLa cells growing on coverslips were transfected for 16 h with ST-FRB-GFP or ST-FKBP-GFP only and then treated with rapamycin and CHX or with CHX only as a control for 4 h. Cells were then fixed, permeabilized, and stained with DAPI. Only ST-FRB-GFP shows redistribution to the ER. (B) HeLa cells transfected as before were scored for three different patterns of distribution: Golgi only, intermediate, and fully ER redistributed. Results are the average of counting 100 cells in three separate experiments. (C) HeLa cells growing on coverslips were cotransfected with ST-FRB-GFP together with constructs expressing mCherry-tagged forms of FKBP13. Signal sequence-mCherry was used as a control. After 16 h of expression, cells were fixed, and GFP and mCherry fluorescence was visualized. Coexpression of ssmCherry-FKBP13wt and ssmCherry-FKBP13∆RTEL abrogates redistribution of ST-FRB-GFP to the ER.](141fig2){#F2}

ST-FRB-GFP relocation to ER is mediated by KDEL receptors
---------------------------------------------------------

FKBP13 is an ER lumenal protein that contains a C-terminal KDEL-like sequence (RTEL) and likely traffics to the Golgi followed by retrieval due to binding to KDEL receptors. This could therefore affect the dynamics of ST-FRB in the presence of rapamycin. FKBP13 (or other FKBPs), in the presence of rapamycin, will bind ST-FRB at the Golgi and then be collected by KDEL-receptors and returned to the ER. We tested this possibility by expressing a mutant version of FKBP13 in which the KDEL-like sequence was removed (FKBP13∆RTEL). This mutant should be secreted, as it cannot be retrieved to the ER when it escapes from this compartment. In the presence of rapamycin, it should bind the FRB domain of ST-FRB-GFP and prevent the binding of endogenous FKBPs, inhibiting its redistribution. For this purpose, we overexpressed mCherry-FKBP13wt (wild-type FKBP13 with an N-terminal mCherry tag) and mCherry-FKBP13∆RTEL (lacking the C-terminal KDEL-like sequence). We used signal-sequence mCherry as an expression control. We first tested whether mCherry-FKBP13 is effectively retained in the cells. Conversely, mCherry-FKBP13∆RTEL leaks constantly into the medium (Supplemental Figure S2). When these constructs were coexpressed with ST-FRB-GFP, as expected, treatment with rapamycin induced the redistribution of ST-FRB-GFP to the ER in cells expressing the fluorescent protein mCherry ([Figure 2C](#F2){ref-type="fig"}). However, when ST-FRB-GFP was coexpressed with mCherry-FKBP13∆RTEL, the former was retained in the Golgi, suggesting interference caused by the binding of FKBP13∆RTEL to the FRB domain of the ST-FRB ([Figure 2C](#F2){ref-type="fig"}). Furthermore, mCherry-FKBP13∆RTEL partially colocalizes with ST-FRB-GFP in cells treated with rapamycin. Surprisingly, expression of wild-type mCherry-FKBP13wt also blocks redistribution of ST-FRB-GFP to the ER ([Figure 2C](#F2){ref-type="fig"}). We hypothesize that overexpression of FKBP13 would saturate KDEL receptors and this would affect the redistribution of ST-FRB in the presence of rapamycin. Then the overexpression of FKBP13 (containing a KDEL-like retrieval sequence) could alter the normal functioning of the endogenous KDEL receptors. It is known that chronic stimulation of the KDEL receptors by overexpression of its ligands (like FKBP13) induces receptor self-activation and relocation to the ER ([@B35]). Together these data suggest indirect trafficking of ST-FRB by binding to FKBP13 and binding of the latter to KDEL receptors, followed by transport to the ER.

HeLa cells express two isoforms of KDEL receptors: KDELR1 and KDELR2 ([@B37]). We transfected HeLa cells with specific small interfering RNA (siRNA) duplexes against these two isoforms. We could not assess directly protein levels of KDEL receptors with Western blotting because of the poor signal given by the antibodies available. Therefore we tested the efficiency of the specific siRNA duplexes against KDELR1 and KDELR2 at the mRNA level. siRNA-mediated knockdown reduced KDELR1 and KDELR2 expression by 75 and 80%, respectively, compared with control cells ([Figure 3A](#F3){ref-type="fig"}). We also tested the intracellular levels of FKBP13, which, in principle, should be altered by KDEL receptor functional impairment. As expected, knockdown of KDELR1 and KDELR2 decreased the intracellular levels of FKBP13 and strongly increased FKBP13 secreted levels in the medium compared with cells transfected with control siRNA. We conclude that KDEL receptor knockdown reduces intracellular levels of FKBP13 and triggers its release in the medium because of the inability of the cells to retrieve KDEL motif--containing proteins from the Golgi ([Figure 3B](#F3){ref-type="fig"}). These cells were transfected with ST-FRB-GFP, which localized to the Golgi apparatus, and then treated with rapamycin. Visualization by fluorescence microscopy revealed that ST-FRB was retained in the Golgi. In contrast, in HeLa cells transfected with the control siRNA, ST-FRB relocated to the ER upon rapamycin treatment ([Figure 3C](#F3){ref-type="fig"}). Quantification shows that at 4 h of rapamycin treatment, ∼50% of the cells transfected with siRNAs for KDEL receptors retained ST-FRB-GFP construct at the Golgi, in contrast to \<10% in cells transfected with the control siRNAs ([Figure 3D](#F3){ref-type="fig"}). This can only be because KDEL-containing FKBP13 and any other FKBPs that cycle between the ER and the Golgi through a KDEL receptor--mediated pathway are not retrieved from the Golgi to the ER after KDEL receptor knockdown. It is important to note that we probably do not have a total knockdown of KDEL receptors, and this probably explains the incomplete retention of ST-FRB in the Golgi by rapamycin treatment.

![ST-FRB-GFP redistributes to the ER via KDEL receptor. (A, B) HeLa cells were transfected with a mix of siRNAs for KDEL receptor 1 and 2 or scrambled oligos. After 72 h of knockdown, cells were collected and lysed for analysis of KDELR1 and KDELR2 mRNA level by reverse transcription PCR (A) and for analysis of protein levels by Western blotting in total cell lysate and in TCA-precipitated medium with antibody against tubulin and FKBP13 (B). (C) Cells were transfected with siRNAs as in A and B, and after 48 h of knockdown, cells were transfected with ST-FRB-GFP and incubated for an additional 20 h. After 68 h of knockdown, CHX and rapamycin were added to the medium. Cells were fixed at indicated time points and stained with DAPI. DAPI and GFP fluorescence were visualized with an epifluorescence microscope (scale bar, 10 μm). (D) Cells shown in C were scored for ST-FRB-GFP localization at the Golgi only (black bars), Golgi and the ER (gray bars), and ER only (white bars) and expressed as percentage of cells. Results shown are the average of three experiments and counting 50 cells/condition.](141fig3){#F3}

These findings reveal that the reason for the trapping of ST-FRB-GFP in the ER even in cells that do not express Ii-FKBP-RFP is because FKBPs bind the former in the Golgi, and the bound complex is retrieved from Golgi to the ER by KDEL receptors.

The ER-resident Ii protein is O-glycosylated only when Golgi membranes fuse with the ER
---------------------------------------------------------------------------------------

We tested the fate of Golgi enzymes by testing posttranslational modification of an ER-retained, HA-tagged Ii-FRB by Golgi-specific enzymes. HeLa cells stably expressing ManII-GFP were transfected with an Ii-FRB-HA plasmid and incubated with BFA to artificially fuse Golgi membranes with the ER. When cells were visualized by immunofluorescence microscopy, after 30 min, ManII-GFP was relocated with the ER ([Figure 4A](#F4){ref-type="fig"}). At the indicated times, cells were lysed, and total lysates were Western blotted with an anti-HA antibody. Strikingly, the Ii protein in cells incubated with BFA migrated as a higher-mass polypeptide with a peak after 2 h of incubation with BFA compared with control cells (*T* = 0, [Figure 4B](#F4){ref-type="fig"}). This result demonstrated that the Ii protein is modified posttranslationally upon relocation of Golgi enzymes to the ER. The incubation of cells with CHX demonstrated that the observed posttranslational modification of the Ii protein in the presence of BFA is independent of newly synthesized proteins ([Figure 4B](#F4){ref-type="fig"}).

![The Ii protein is O-glycosylated when Golgi membranes fuse with the ER. (A) HeLa cells expressing ManII-GFP grown on coverslip were transfected with Ii-FRB-HA plasmid. At 24 h after transfection, cells were incubated for 2 h with dimethyl sulfoxide (DMSO) or BFA, fixed, and processed for immunofluorescence microscopy with an anti-HA antibody and DAPI (scale bar, 5 μm). (B) HeLa cells were transfected or not with Ii-FRB-HA plasmid. At 24 h after transfection, cells were incubated with BFA in the presence or not of CHX. At the indicated times, cells were lysed, and total cell lysates were analyzed by Western blotting with an anti-HA antibody. Western blotting with an anti--β-actin antibody was used as a loading control. (C) HeLa cells were transfected or not with Ii-FRB-HA plasmid. At 24 h after transfection cells, were incubated for 2 h with BFA in the presence or not of CHX. Then cells were washed and incubated in normal BFA-free medium in the presence or absence of CHX. At the indicated times, cells were lysed, and total cell lysates were analyzed by Western blotting with an anti-HA antibody. Western blotting with an anti--β-actin antibody was used as a loading control. (D, F) HeLa cells were transfected with Ii-FRB-HA plasmid and incubated after 24 h with or without BFA during 2 h. Then total cell lysates were treated with or without Endo H (D), PNGase F (E), and protein deglycosylation mix supplemented with additional exoglycosidases (F) and analyzed by Western blotting with an anti-HA and an anti--β-actin antibody, respectively.](141fig4){#F4}

To determine whether this posttranslational modification of the Ii protein was transiently caused by Golgi enzymes, we transfected HeLa cells with Ii-FRB-HA plasmid, incubated them for 2 h with BFA, and then washed them with phosphate-buffered saline (PBS) and incubated them in normal BFA-free medium. At the indicated time points, cells were lysed and total cell lysates analyzed by Western blot with an anti-HA antibody. After BFA washout, the newly synthesized Ii protein is not subject to posttranslational modification, indicating that the enzymes involved in this process are not located in the ER after BFA washout. Moreover, when protein synthesis was inhibited with CHX, the higher-mass polypeptide remains detectable even after 6 h of incubation in normal BFA-free medium ([Figure 4C](#F4){ref-type="fig"}). Together these results suggested that Golgi enzymes could modify the Ii protein in the ER when the latter membranes fused to the ER in presence of BFA. Moreover, the Ii protein remains modified after reorganization of the Golgi membranes in the perinuclear area, demonstrating that this posttranslational modification is an irreversible process until the Ii protein is degraded.

What is the nature of the posttranslational modification affecting the Ii protein when Golgi membranes fuse with the ER? Ii protein is a chaperone that assists in processing and transport of the MHC class II antigen along the secretory pathway. Without its binding partners, the Ii protein is arrested in the ER, but upon binding the β chain of the MHC class II antigen, it is transported to the Golgi apparatus and then to the endosomal/lysosomal system, where it can undergo proteolysis or reach the cell surface. Along its route of transport, the Ii protein is posttranslationally modified by the addition of N- and O-linked glycosylations on several amino acid residues. We tested first whether BFA treatment induced specific N-linked glycosylation on the Ii protein. HeLa cells transfected with Ii-FRB-HA plasmid were cultured with or without BFA during 2 h and lysed. Total cell lysates were then incubated in the presence or absence of endoglycosidases (Endo H or PNGase F) for 1 h at 37°C and analyzed by Western blot with an anti-HA antibody. Endo H and PNGase F specifically remove N-linked glycans from glycosylated proteins. Compared to control conditions, when cells were cultured with BFA, the Ii protein migrated at a higher mass ([Figure 4, D and E](#F4){ref-type="fig"}, lanes 1 and 2). When total cells lysates were incubated with Endo H or PNGase F, the Ii protein migrated at a smaller mass, but the shift detected in the presence of BFA was still detectable ([Figure 4, D and E](#F4){ref-type="fig"}, lanes 3 and 4). These results indicate that 1) the Ii protein is N-glycosylated when it localizes in the ER and 2) the posttranslational modification affecting the Ii protein in BFA is not due to N-linked glycosylation.

Next we tested whether BFA treatment induced specific O-linked glycosylation on the Ii protein. HeLa cells transfected with Ii-FRB-HA plasmid were cultured with or without BFA for 2 h and lysed. Total cell lysates were then incubated in the presence or absence of protein deglycosylation mix supplemented with additional exoglycosidases during 8 h at 37°C and analyzed by Western blot with an anti-HA antibody. This protein deglycosylation mix supplemented with additional exoglycosidases is used to remove both N- and O-linked glycosylation ([@B26]). Compared to control conditions, when cells were cultured with BFA, the Ii protein migrated at a higher mass ([Figure 4F](#F4){ref-type="fig"}, lanes 1 and 2). When total cells lysates were incubated with the protein deglycosylation mix, the Ii protein migrated at a smaller mass, and the shift seen in the presence of BFA was not detectable ([Figure 4F](#F4){ref-type="fig"}, lanes 3 and 4). These results indicated that when Golgi membranes fuse with the ER by BFA treatment, the Ii protein is O-glycosylated.

The Ii protein is known to be O-glycosylated on the Thr-203 and Ser-281 by the addition of an O-linked *N*-acetylgalactosamine (O-GalNAc; [@B17]). O-GalNAc glycosylation modifications are found in \>50% of the proteins that enter in the secretory pathway, and this modification requires the cooperative action of GalNAc transferases (GalNac-Ts) that are localized in the Golgi ([@B7]). It was reported that Golgi enzymes under special circumstances can be relocated from the Golgi apparatus to the ER ([@B23]; [@B16]; [@B47]; [@B13]). In addition, the relocation of GalNac-Ts from the Golgi apparatus to the ER in a Src kinase-- and Erk8-dependent manner increases O-GalNAc addition to endogenous O-glycosylated proteins and on ER-trapped reporter molecules ([@B16]; [@B9]). However, these observations are not related to a complete fusion of Golgi membranes with the ER. Can O-GalNAc addition to ER-trapped reporter be used to investigate whether Golgi membranes remain independent or fuse with the ER during mitosis? [@B14]) showed that CD8, which during the interphase is transported to the cell surface, is retained at the ER during mitosis. They monitored O-linked glycosylation of the newly synthesized and ER-localized CD8 by pulse labeling. With this sensitive approach, they demonstrated that newly synthesized, ER-localized CD8 in mitotic cells was modified by O-GalNAc addition, but this was due to newly synthesized GalNac-Ts. In our study, we used Ii protein as an ER-retained reporter at every step of the cell cycle. Moreover, our findings clearly demonstrate that when Golgi enzymes are relocated in the ER by BFA treatment, most of the pool of Ii protein is modified by O-GalNAc addition. Our simple but efficient assay establishes that modification by O-linked oligosaccharides can be used to monitor Golgi enzyme relocation when Golgi membranes fuse with the ER. We took advantage of this observation to reinvestigate with this approach whether Golgi membranes remain independent or fuse with the ER during the mitosis.

The Ii protein is not O-glycosylated during mitosis
---------------------------------------------------

We tested whether Golgi membranes remain segregated from the ER or instead fuse with the ER during mitosis by monitoring GalNac-Ts--mediated O-linked glycosylation of the Ii protein. First, we monitored whether the pattern of endogenous O-glycosylated proteins by GalNac-Ts was affected during mitosis. To this end, we used *Helix pomatia* lectin (HPL), which recognizes mostly O-GalNAc--containing Ser/Thr residues, a posttranslational modification that occurs in the Golgi. Indeed, HPL staining colocalized exclusively with a Golgi marker when cells were cultured in normal complete medium (Supplemental Figure S3A). Next we assessed whether the GalNac-T enzymes were active during the whole cell cycle. HeLa cells were arrested in S phase with a double thymidine block and in prometaphase with a double thymidine block followed by 18 h of incubation in thymidine-free medium containing nocodazole. HeLa cells were also arrested in metaphase with a double thymidine block followed by an incubation of 18 h in thymidine-free medium containing nocodazole and then by 2 h of incubation in nocodazole-free medium containing MG123. MG132 is a proteasome inhibitor used to arrest cells in metaphase ([@B21]). Cells were lysed and total cells lysates analyzed by Western blot with horseradish peroxidase (HRP)--conjugated HPL. In each condition, synchronized cells in S phase, prometaphase, and metaphase exhibited the same general pattern of O-glycosylated proteins, suggesting that GalNac-Ts remain active and that glycans are available during mitosis progression (Supplemental Figure S3B).

We tested whether Ii protein was susceptible to O-glycosylation during mitosis. HeLa cells were arrested in S phase with a double thymidine block; the cells were then washed to remove thymidine and incubated in normal thymidine-free medium. At the indicated times, cells were stained with the DNA-binding dye 4′,6-diamidino-2-phenylindole (DAPI) to identify mitotic cells and with an anti--phospho-histone H3 antibody to identify cells in late G2 phase and in mitosis ([@B11]). A mitotic index (cells in mitosis/total number of cells) of 25% was observed at 10 h after removal of the cells from S-phase block ([Figure 5, A and B](#F5){ref-type="fig"}). Based on the same experimental approach, at the indicated times, cells were lysed and total cell lysates analyzed by Western blot with an anti-HA and an anti--phospho-histone H3 antibody. The phosphorylation of histone H3 is maximal at 10 h after release from thymidine block; however, we could not detect a higher-mass polypeptide form of the Ii protein at any time during the release from the thymidine arrest ([Figure 5C](#F5){ref-type="fig"}). This result suggests that during the progression of cells into mitosis, the Ii protein is not O-glycosylated.

![The Ii protein is not O-glycosylated in cells synchronized in prometaphase and metaphase. (A) HeLa cells grown on coverslips were transfected with Ii-FRB-HA plasmid and synchronized in S phase after a double thymidine block. Cells were washed to remove thymidine, and at the indicated times, cells were fixed and stained with an anti--phospho-histone H3 antibody and DAPI and visualized by fluorescence microscopy (scale bar, 100 μm). (B) The percentage of cells in mitosis (mitotic index) was determined by staining DNA with DAPI and an anti--phospho-histone H3 antibody at the indicated times after a double thymidine block and release. We counted 400 cells for each time point (mean ± SD, *n* = 3). (C) HeLa cells were transfected or not with Ii-FRB-HA plasmid and synchronized in S phase after a double thymidine block. Cells were washed to remove thymidine and lysed at the indicated times cells. Total cell lysates were analyzed by Western blotting with an anti-HA antibody and an anti--phospho-histone H3 antibody. Western blotting with an anti--β-actin antibody was used as a loading control. (D) HeLa cells expressing ManII-GFP grown on coverslip were transfected with Ii-FRB-HA plasmid and synchronized in S phase (double thymidine block), prometaphase (double thymidine block plus nocodazole), and metaphase (double thymidine block plus nocodazole plus MG132 during 2 h). Then cells were fixed and analyzed by immunofluorescence with an anti--phospho-histone H3 antibody and DAPI. Top, low magnification (scale bar, 100 μm). Bottom, high magnification (scale bar, 10 μm). (E) HeLa cells expressing ManII-GFP were transfected with Ii-FRB-HA plasmid and synchronized in S phase (double thymidine block), prometaphase (double thymidine block plus nocodazole or STLC), and metaphase (double thymidine block plus nocodazole or STLC plus MG132). At the indicated time, cells were lysed and total cell lysates analyzed by Western blotting with an anti-HA antibody and an anti--phospho-histone H3 antibody. Western blotting with an anti--β-actin antibody was used as a loading control. (F) HeLa cells expressing ManII-GFP grown on coverslips were transfected with Ii-FRB-HA plasmid and synchronized in metaphase (double thymidine block plus nocodazole plus MG132 during 2 h). BFA was added to the medium at the same time as MG132. Then cells were fixed and analyzed by immunofluorescence with an anti--phospho-histone H3 antibody and DAPI (scale bar, 10 μm). (G) HeLa cells expressing ManII-GFP were transfected with Ii-FRB-HA plasmid and synchronized in S phase (double thymidine block), prometaphase (double thymidine block plus nocodazole), and metaphase (double thymidine block plus nocodazole plus MG132 with or without BFA). At the indicated time, cells were lysed and total cell lysates analyzed by Western blotting with an anti-Ha antibody and an anti--phospho-histone H3 antibody. Western blotting with an anti--β-actin antibody was used as a loading control.](141fig5){#F5}

To confirm these results, we synchronized cells in different stages of the cell cycle. HeLa cells expressing ManII-GFP were arrested in S phase with a double thymidine block and in prometaphase with a double thymidine block followed by an incubation of 18 h in thymidine-free medium containing nocodazole or *S*-trityl-[l]{.smallcaps}-cysteine (STLC). STLC is a specific inhibitor of the kinesin Eg5 that prevents bipolar spindle formation ([@B44]). HeLa cells were arrested in metaphase with a double thymidine block followed by an incubation of 18 h in thymidine-free medium containing nocodazole or STLC and then by an incubation of 2 h in nocodazole- or STLC-free medium containing MG123. As visualized by immunofluorescence, with this procedure, ∼70--90% of the cells are synchronized in metaphase (identified by DAPI and phospho-histone H3 staining) and have their Golgi membranes completely fragmented ([Figure 5D](#F5){ref-type="fig"}). At the indicated times, mitotic cells were easily detached and harvested by a "shake-off" procedure and lysed, and total cell lysates was analyzed by Western blotting with anti-HA and anti--phospho-histone H3 antibodies. In cells synchronized in prometaphase or metaphase, we could not detect a higher-mass Ii protein ([Figure 5E](#F5){ref-type="fig"}). As demonstrated earlier, the O-glycosylation of Ii requires a delay of 2 h to be easily detected by Western blotting in the presence of BFA. Cells were indeed maintained in metaphase from 2 to 4 h. However, no posttranslational modification of the Ii protein was detected ([Figure 5E](#F5){ref-type="fig"}). To test whether under these experimental conditions GalNac-Ts were able to O-glycosylate the Ii protein, we incubated cells synchronized in metaphase with BFA to force the relocation of the enzyme to the ER. BFA did not affect cell synchronization in metaphase ([Figure 5F](#F5){ref-type="fig"}). The analysis of cells maintained in metaphase from 2 to 4 h in the presence of BFA revealed a higher-mass form of the Ii protein and demonstrated the addition of O-GalNac glycans on the Ii protein when Golgi membranes are artificially forced to fuse with the ER ([Figure 5G](#F5){ref-type="fig"} and Supplemental Figure S4).

DISCUSSION
==========

The Golgi complex is easily identified by its characteristic shape and by the presence of enzymes that modify cargoes en route to endosomes, the cell surface, or for secretion. When cells enter mitosis, the Golgi complex loses its shape and starts to fragment, which makes them difficult to identify based on their enzymatic composition ([@B45]). There is extensive high-quality data demonstrating that Golgi membranes fragment during mitosis and then rebuild from preexisting fragments ([@B19]; [@B41]; [@B3]; [@B15]). [@B42]) recently concluded that Golgi membranes relocate to the ER and are rebuilt by export of the specific Golgi components from the ER in late mitosis. The experiments presented here identify why the conclusions of those investigators did not mesh with other results---the constructs used were artificially interacting with proteins that normally are retrieved from the Golgi by KDEL receptors. This background phenomenon was missed in the previous studies, which resolves an important disagreement.

We previously used a procedure to test whether the ultimate fate of the Golgi in mitosis, before reassembly late in mitosis, was relocation to the ER. The approach was to express a Golgi enzyme tagged with FKBP at the Golgi and a protein that cannot leave the ER (Ii) tagged with FRB at the ER. If FKBP-containing Golgi enzymes cycles through the ER, then, in the presence of rapamycin, they will be trapped by binding the corresponding partner containing FRB. In previous work, we presented data that revealed no appreciable mixing of Golgi enzymes to the ER during protein secretion and any time during mitosis ([@B32], [@B33]).

More recently, [@B42]) used the same trapping procedure, but the FRB-bearing component was placed in the Golgi and the FKBP bearer at the ER. They reasoned that the ER contains soluble FKBP-containing protein (FKBP13), which competes with binding of ST-FKBP to Ii-FRB in the ER in the presence of rapamycin. However, the following observations make their hypothesis unlikely: When Golgi membranes are fused to the ER by BFA treatment, the ST-FKBP construct is trapped in the ER by Ii-FRB. In other words, if these constructs are proximal to each other in the ER, then rapamycin treatment traps the Golgi-specific protein in the ER, regardless of other endogenous FKBP-containing proteins.ERGIC53, which is known to recycle through the ER, is in fact trapped (ERGIC53-FKBP) at the ER (by Ii-FRB) in the presence of rapamycin. Again, this points to the fact that if two proteins are in close proximity, then rapamycin-based procedures trap them regardless of the presence of FKBP-containing proteins in the ER.The original authors did not test whether depletion of FKBP13 affected relocation of ST-FKBP to the ER in cells expressing Ii-FRB. We tested their hypothesis and found that ST-FKBP does not relocate to the ER irrespective of whether the ER contained FKBP13 or not ([@B32], [@B33]).[@B42]) did not test the possibility that FKBP13 or other ER-located FKBP-containing proteins retrieve their ST-FRB construct by binding it in the Golgi in the presence of rapamycin and then returning to the ER by a KDEL receptor--mediated pathway. It is known that the KDEL receptor can reach even distal Golgi compartments, such as the *trans*-Golgi ([@B28]), where ST-FRB is located. Our new data show transport of ST-FRB to the ER by binding FKBP13 (or other FKBPs) and transport of the latter by KDEL receptor ([Figure 6](#F6){ref-type="fig"}).Our new approach shows that Ii-FRB undergoes O-linked glycosylation when Golgi membranes are artificially fused to the ER. The results also reveal that this modification does not occur ordinarily during interphase or in mitosis.

![Model of ST-FRB relocalization mediated by FKBP and KDELR. (A) ST-FRB-GFP localizes to the Golgi apparatus and FKBPs are located in the ER but cycle through the Golgi, being retrieved by the KDEL receptor. (B) When rapamycin is added, FKBPs passing through the Golgi bind to the FRB domain of ST-FRB-GFP and to the KDEL receptor due to their C-terminal KDEL-like sequences. (C) Retrieval of FKBP by KDEL receptor redistributes bound ST-FRB-GFP to the ER over time. (D) When rapamycin is added in the absence of KDEL receptor, ST-FRB-GFP stays in the Golgi apparatus. FKBPs are not retained in the ER and bind to the FRB domain as they pass through the Golgi.](141fig6){#F6}

Together these findings demonstrate clearly that the Golgi and the ER remain segregated during protein secretion and mitosis. Still not understood are the precise molecular events underlying Golgi fragmentation and how these fragments fuse and reassemble to generate a polarized stack of Golgi cisternae. There is also the issue of why blocking Golgi fragmentation affects or delays entry of cells into mitosis. Together these issues should ultimately reveal why Golgi membranes are kept in the pericentriolar region of the cells, why and how they are stacked, and how they are dispersed and rebuilt during repeated cycles of cell division.

MATERIALS AND METHODS
=====================

Reagents, antibodies, and constructs
------------------------------------

Reagents used in this study were obtained as follows: BFA, CHX, MG132 (Z-Leu-Leu-Leu-al), nocodazole, STLC, and thymidine were from Sigma-Aldrich (St. Louis, MO). Rapamycin was from Calbiochem (San Diego, CA). The endoglycosidases Endo H and PNGase F, the protein deglycosylation mix, and the exoglycosidases α-*N*-acetylgalactosaminidase, α1-2 fucosidase, β1-3 galactosidase and α1-3,6 galactosidase were from New England Biolabs (Ipswich, MA). Antibodies used in this study were purchased from the following sources: mouse monoclonal antibodies against β-actin and α-tubulin were from Sigma-Aldrich. Anti-HA (clone HA.11) was from Biolegend (San Diego, CA). The rabbit polyclonal antibody against phospho-histone H3 was from Upstate Biotechnology (Lake Placid, NY). Anti--red fluorescent protein (Cherry) antibody was from Abcam (Cambridge, MA). Anti-FKBP13 antibody was from Santa Cruz Biotechnology (sc-390753; Dallas, TX)). Alexa 647--conjugated HPL was from Life Technologies (Camarillo, CA), and HRP-conjugated HPL was from EY Laboratories (San Mateo, CA). Secondary antibodies for immunofluorescence microscopy and Western blotting were from Invitrogen (Carlsbad, CA). ST-FKBP-GFP and Ii-FRB-HA plasmids were previously described ([@B32]). Secreted mCherry (ssCherry) was created by ligating mCherry cDNA containing interleukin 2 signal sequence for its import into the ER between the *Xho*I and *Bam*HI sites of pCDNA3.1 (−) A myc/his plasmid (Invitrogen). FKBP cDNA was amplified from human liver cDNA and cloned into ssCherry digested with *Bam*HI and *Hin*dIII to yield the plasmids ssCherry-FKBP13wt (using primers forward, TTTAGATCTACGGGGGCCGAGGGCAAAA; and reverse, TTTAAGCT­TTTACAGCTCAGTTCGTCGCTC) and ssCherry-FKBP13∆RTEL (using primers forward, AGTCGGATCCA­CGGGGGCCGAGGGC­AAAA; and reverse, GCATAAGCTTTTATCGCTCTATTTTGAGCAGC). Note that tagged versions of FKBP13 lack their endogenous signal sequence.

CRISPR of FKBP13
----------------

FKBP13 expression was knocked out from HeLa cells using a CRISPR/Cas9 knockout plasmid from Santa Cruz Biotechnology (sc-409613) following manufacturer's recommendations. Briefly, HeLa cells were transfected with FKBP13 CRISPR/Cas9 plasmid containing a GFP cassette, and, after 24 h of expression, single GFP-positive cells were sorted with fluorescence-activated cell sorting and placed in 96-well plates. After the isolation of individual clones, lack of FKBP13 expression was assessed by Western blotting.

Cell culture and cell synchronization
-------------------------------------

HeLa cells and HeLa cells stably expressing ManII-GFP were grown in complete medium consisting of DMEM (PAA Laboratories) containing 10% (vol/vol) fetal calf serum (FCS), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C with 7% CO~2~. OptiMEM was from Invitrogen.

For the transfection of DNA plasmids, cells were transfected with X-tremeGENE 9 DNA transfection reagent (Roche, Indianapolis, IN), following the manufacturer's recommendations. For the knockdown of KDEL receptors, pooled siRNA duplexes for KDELR1 and KDELR2 were transfected using Hiperfect (Qiagen, Germantown, MD), following manufacturer's recommendations. The same amounts of a control siRNA duplexes were used as a control. Control siRNAs consisted of a pool of ON-TARGETplus Non-Targeting siRNAs (D-001810-10-05; Thermo Scientific, Waltham, MA). The siRNA target sequence for KDELR1 was GGUGUUCACUGCCCGAUAU and for KDELR2 was CCUUCAGGG­UGCUCGGACA ([@B39]). Experiments were started 68 h after siRNA transfection.

To study cell progression into the mitosis, we first synchronized HeLa cells in S phase with double thymidine block. Briefly, cells were plated at 60% confluence in 24-well plates on 12-mm coverslips, maintained in growth medium for 6 h, and incubated for 18 h with 2 mM thymidine. Then cells were washed three times with PBS and maintained in growth medium for 10 h. Cells were then incubated in 2 mM thymidine for an additional 18 h before final release. After release, at the indicated times, cells were stained with DAPI and an anti--phospho-histone H3 antibody and analyzed by immunofluorescence microscopy to calculate mitotic index. Mitotic cells are positive for the phospho-histone H3 staining and exhibit condensed DNA. To synchronize cells in prometaphase, first, cells were synchronized in S phase with a double thymidine block as previously described and then washed three times with PBS and maintained in growth medium in the presence of 1.5 μM nocodazole or 5 μM STLC for 12 h. Cells were synchronized in metaphase with double thymidine block and then washed three times with PBS and maintained in growth medium in the presence of 1.5 μM nocodazole or 5 μM STLC for 12 h. The cells were washed three times with PBS and incubated for an additional 2 h in the presence of 10 μM MG123. For Western blot analysis, the mitotic cells were easily detached from the Petri dishes by a "shake-off" procedure.

Immunofluorescence microscopy
-----------------------------

Cells were fixed with 3.7% paraformaldehyde (PFA) in PBS at room temperature for 20 min, permeabilized with 0.2% Triton X-100 for 20 min, and then blocked with blocking buffer (2.5% FCS, 0.1% Triton X-100 in PBS) for 30 min. Cells were then incubated with the indicated primary antibody for 45 min, followed by a PBS wash and an incubation with fluorescently labeled secondary antibodies for 45 min (donkey anti-mouse or anti-rabbit Alexa Fluor 488 or 594). DAPI was used to stain the DNA. Samples were analyzed with a Leica DMI6000 B inverted epifluorescence microscope or a Leica SPE confocal microscope using a 63× ACS Apo numerical aperture 1.3 objective and LASAF software. When necessary, cells were scored for three different patterns of sialyltransferase distribution: Golgi (only Golgi-like pattern of sialyltransferase), intermediate (Golgi and ER reticular patterns in the same cell), and fully ER redistributed (only reticular pattern, with no Golgi-like staining).

Reverse transcription PCR
-------------------------

RNAs were prepared using the RNAeasy Mini kit (Qiagen) following the manufacturer's instructions. cDNAs were synthesized with the cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen). RPL0, KDELR1, and KDELR2 were amplified with specific primers, and PCR products were analyzed on a 1.5% agarose gel.

ER trapping procedure
---------------------

HeLa cells were transfected with ST-FKBP-GFP and Ii-FRB-HA plasmids or ST-FRB-GFP and Ii-FKBP-mRFP plasmids. After 24 h, cells were incubated with 10 μg/ml BFA with or without 250 nM of rapamycin for 1 h at 37°C. Cells were then washed three times with PBS and incubated with normal BFA-free medium for 90 min at 37°C. Cells were fixed and analyzed by immunofluorescence microscopy. ST-FKBP and ST-FRB were visualized by GFP fluorescence. Ii-FRB was observed with the monoclonal mouse antibody against the HA epitope and Ii-FKBP-mRFP using RFP fluorescence.

Immunoblotting
--------------

Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0,1% SDS, 1% NP-40, and 0.5% sodium deoxycholate) supplemented with protease inhibitors, 1 mM Na~3~VO~4~, and 25 mM sodium fluoride and centrifuged at 16,000 × *g* for 15 min. Total protein was resuspended in 1× SDS sample buffer containing dithiothreitol (DTT) and incubated at 95°C for 5 min. For medium samples concentrated by trichloroacetic acid (TCA) protein precipitation, 30 μg of bovine serum albumin and 150 μl of 55% TCA were added to 1 ml of medium and incubated for 30 min on ice. Medium was then centrifuged at 16,000 × *g* for 30 min at 4°C and supernatant removed. After another centrifugation at 16,000 × *g* for 1 min at 4°C, pellet was dried and resuspended in 1× SDS sample buffer containing DTT and incubated at 95°C for 5 min. The samples were then separated on 10% SDS--PAGE, transferred to nitrocellulose, and immunoblotted with the primary antibodies mentioned. Proteins were detected using the specific secondary antibody, and fluorescent bands were visualized using the Odyssey Infrared Imaging System (LI-COR Biosciences, San Diego, CA).

Endoglycosidase treatment
-------------------------

Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0,1% SDS, 1% NP-40, and 0.5% sodium deoxycholate) supplemented with protease inhibitors, 1 mM Na~3~VO~4~, and 25 mM sodium fluoride and centrifuged at 16,000 × *g* for 15 min. First, 1 μl of 10× glycoprotein denaturating buffer was added to 9 μl of cell extracts and incubated for 10 min at 100°C. For PNGase F treatment, in a final volume of 20 μl, 2 μl of 10× G7 reaction buffer, 1 μl of 10% NP-40, and 2 μl of PNGase F were added to the denatured proteins and incubated 1 h at 37°C. For Endo-H treatment, in a final volume of 20 μl, 2 μl of 10× G5 reaction buffer and 5 μl of Endo-H were added to the denatured proteins and incubated 1 h at 37°C. The endoglycosidase reaction was stopped by the addition of SDS sample buffer, and the samples were analyzed by Western blotting.

Protein deglycosylation mix and exoglycosidase treatment
--------------------------------------------------------

Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0,1% SDS, 1% NP-40 and 0.5% sodium deoxycholate) supplemented with protease inhibitors, 1 mM Na~3~VO~4~, and 25 mM sodium fluoride and centrifuged at 16,000 × *g* for 15 min. First, 1 μl of 10× glycoprotein denaturing buffer was added to 9 μl of cell extracts and incubated for 10 min at 100°C. In a final volume of 20 μl, 2 μl of 10× G7 reaction buffer, 2 μl of 10% NP-40, and 5 μl of protein deglycosylation mix including O-glycosidase, PGNase F, neuraminidase, β1-4 galactosidase, and β-*N*-acetylglucosaminidase supplemented with additional exoglycosidases (α-*N*-acetylgalactosaminidase, α1-2 fucosidase, β1-3 galactosidase, α1-3,6 galactosidase) were added to the denatured proteins and incubated 8 h at 37°C. The deglycosylation reaction was stopped by the addition of SDS sample buffer, and the samples were analyzed by Western blotting.
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BFA

:   brefeldin A

CHX

:   cycloheximide

FKBP

:   FK506-binding protein

FRB

:   FKBP-rapamycin--binding domain

GalNac-T

:   *N*-acetylgalactosamine transferase

HPL

:   *Helix pomatia* lectin

Ii

:   invariant γ chain

ST

:   sialyltransferase

STLC

:   *S*-trityl-[l]{.smallcaps}-cysteine.
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